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Introduction 79
The frequency of speciation by polyploidy or whole genome duplication (WGD) has long led to 80 debates concerning their ultimate ecological and evolutionary importance. Among vascular 81 plants, polyploidy is associated with an estimated 15-30% of speciation events (Wood et al. 82 2009). However, most nascent polyploid lineages have lower estimated net diversification rates 83 than their diploid relatives ( To better understand the role of ecological niche differentiation during polyploid speciation, we 124 evaluated the rates of climatic niche evolution of polyploids and their diploid relatives. We 125 explored two aspects of climatic niche evolution in polyploid species. First, we analyzed the 126 amount of climatic niche overlap between allopolyploid species and their diploid progenitors in 127 25 genera of plants. We then examined whether polyploid species evolved multivariate climatic 128 niches and niche breadths at faster rates than their diploid relatives in 33 genera of plants. We 129 hypothesized that if climatic niche divergence is not important for polyploid establishment, then 130 6 the rates of climatic niche evolution of polyploid species would not be significantly different than 131 those of diploid species. Conversely, if climatic niche divergence is important for polyploid 132 establishment, we expected polyploid species to have faster rates of climatic niche evolution 133 than related diploids. Our results provide insight into the importance of ecological divergence for 134 polyploid species establishment, and highlight the role of ecological divergence in speciation 135 processes generally. 136 137
Materials & Methods 138

Climatic niche overlap between allopolyploid species and their diploid progenitors 139
Data on allopolyploids and their known parents were collected from the literature. We used the 140 were grouped into three different classes of climatic niche overlap. These classes were defined 160 by the amount of climatic niche overlap that an allopolyploid species shares with its parents 161 relative to the amount of climatic niche overlap shared between parents. These include 162 relationship 1 (represented by "P DD"): the allopolyploid species has less overlap with both 163 parents than parents to parents; relationship 2 ("PD D"): the allopolyploid species has less 164 overlap with one parent than parents to parents; and relationship 3 ("DPD"): the allopolyploid 165 species has more overlap with both parents than parents to parents. A two-tailed binomial 166 exact test was used to assess if the observed distribution of these relationships was different 167 than our null expectation of equal frequencies (p=0.333). 168
169
To examine the association of allopolyploid species age with the amount of climatic niche 170 overlap with its diploid parents, we collected sequences for each taxon and compared the 171 amount of pairwise sequence divergence to pairwise climatic niche overlap. We downloaded 172 available nucleotide sequences of the trnL-trnF intergenic spacer from PhyLoTA (Sanderson et Table S1 in Supporting Information for all comparisons). This 203 molecular dataset is separate from that used to investigate the relationship of allopolyploid age 204 and climatic niche overlap above. To infer changes in ploidal level, we analyzed the highest 205 posterior probability tree for each genus with chromEvol v1 (Mayrose et al. 2010) using 206 available chromosome counts of taxa for each genus (see Table S1 ). 207 9 208
We accounted for topological uncertainty in our analyses by using the top 50 trees from the 209 posterior distribution of the MrBayes output. Each of the 50 trees were ultrametricized with the 210 chronos function in ape (Paradis et al. 2004) , and ploidal shifts were mapped using SIMMAP 211 (Revell 2012) . For each of the four multivariate climatic niche traits (PC1-2 niche mean and 212 PC1-2 niche breadth), we used OUwie (Beaulieu et al. 2012) to assess if polyploid and diploid 213 species had different (BMS) or the same (BM1) rates of multivariate climatic niche evolution. We 214 selected the best fitting model using two approaches: 1) a likelihood ratio test (LRT) with an 215 alpha of 0.05 and 2) the corrected Akaike Information Criterion (AICc) where the more 216 sophisticated model (i.e., BMS) was preferred if ΔAICc > 4. 217
218
For each model test, a relative rate of multivariate climatic niche was calculated by dividing the 219 rate for polyploid species by the rate for diploids when the BMS model was better supported; in 220 instances when the BM1 model was preferred, polyploid and diploid species had the same 221 inferred rate of change and we set the relative rate = 1. The rate of evolution for each trait was 222 summarized by calculating the geometric mean of all 50 model tests and designating each 223 multivariate climatic niche trait as higher, lower, or no difference in rate between polyploids and 224 diploids. We used a two-tailed binomial exact test to assess whether the number of genera 225 observed having a higher, lower, or no difference in rate between polyploid and diploid species 226 was significantly different from chance (p=0.333). 227
228
To assess the power of our analyses, we compared the observed patterns to null simulations of 229 species distributions. Simulations were conducted for each genus and each trait by randomly 230
shuffling which taxa were assigned as a polyploid, weighted by the number of taxa that were 231 polyploid in that genus, and performing the OUwie model test 100 times per tree for a total of 232 5000 simulations per trait. Model selection was performed as above with selection by a LRT and 233 AICc. Each model test was binned into a rate class where polyploids could have higher, lower, 234 or no difference in the rates of multivariate climatic niche evolution compared to diploids. We 235 used these frequencies to calculate expected values for a chi-square test (p<0.05, df=2) of 236 whether the observed values deviated from the null expectation of equal frequencies of the 237 three rate classes. 238
239
Results 240
Climatic niche overlap between allopolyploid species and their diploid progenitors 241
Our analyses supported the hypothesis that polyploid species have different climatic niches than 242 their diploid progenitors. Of the 53 comparisons involving one allopolyploid species and its two 243 diploid progenitors, 28 (51%) had a "P DD" pattern where the allopolyploid species had less 244 climatic niche overlap with either parent than the parents had with each other (Figure 1 ). We 245 observed a "PD D" pattern in 12 (23%) cases where the allopolyploid species had less climatic 246 niche overlap with one parent than parents to parents. Finally, 14 (26%) cases had a "DPD" 247 pattern where the allopolyploid species had more climatic niche overlap with both parents than 248 the parents had with each other. Assuming an equal probability of each of these three patterns, 249
we found a statistically significant excess of "P DD" (p< 0.01) relative to the other two patterns 250 (Table 1, see Table S2 for all comparisons). 251
252
Of the 53 trios of species available to examine the relationship between climatic niche overlap 253 and sequence divergence, 36 species pairs from 20 trios had a suitable trnL-trnF intergenic 254 spacer available (see Table S3 ). Pairwise sequence divergence ranged from a low of 0.0 255 between Dryopteris corleyi -Dryopteris aemula, and Lathyrus venosus -Lathyrus palustris, to a 256 high of 0.072 between Asplenium montanum -Asplenium platyneuron with an average of 257 0.022. When trios from all three scenarios of climatic niche overlap were examined there was no 258 11 clear relationship between the amount of climatic niche overlap and sequence divergence 259 (y=2.063x + 0.247; p=0.5097, adj-R 2 =-0.161; Figure 2 ). 260 261
Rates of multivariate climatic niche evolution in plant polyploid and diploid species 262
Our analyses found that polyploid species had faster rates of multivariate climatic niche 263 evolution relative to congeneric diploids. Polyploid species consistently had significantly faster 264 rates (p<0.05) under different model selection approaches (AICc and LRT), and across all four 265 multivariate climatic niche traits of niche mean and breadth, except for the LRT model of PC2 266 for multivariate niche breadth (Table 2 ). In general, the AICc and LRT found similar qualitative 267 results ( Figure 3 ), however quantitative estimates of relative rates did differ (see Table S4 ). The 268 following brief descriptions relate to results from the more conservative AICc models. 269 270 Across 22 of 33 genera, polyploid species had a higher estimated rate of change in the PC1 271 mean relative to diploid species. In contrast, polyploid species were slower than diploid species 272 in the rate of change for PC1 mean in only seven genera. We found no significant difference in 273 four genera. The lowest inferred rates of change of the PC1 mean for polyploid species was 274 0.10 times slower than diploids in Centaurea, whereas the highest rate was 38.89 times faster 275 for polyploid species in Aconitum. Similarly, polyploid species had a higher rate of change 276 relative to diploid species in the PC2 mean among 26 of 33 genera, whereas polyploid species 277 were slower in five genera and not different than diploid species in two genera. For the PC2 278 mean, the inferred rates ranged from a low of 0.16 times slower for polyploid species in 279
Nicotiana to a high of 14.39 times faster in Dryopteris. 280 281 Polyploid species also had more rapidly evolving multivariate niche breadths than their diploid 282 relatives. Niche breadth represents the variance for each bioclim variable that a diploid or 283 polyploid species experiences across its entire range in multivariate space. We found that the 284 breadth of PC1 evolved faster in polyploid species in 25 of 33 genera, diploid species had 285 higher rates in six genera, and there was no difference between polyploid and diploid species in 286 only two genera. The inferred rates ranged from a low of 0.004 times slower for polyploid 287 species in Centaurea to a high of 5.78 times faster in Muhlenbergia. Similarly, polyploid species 288 in 19 of 33 genera had higher rates of evolution in niche breadth for PC2. Rates were lower for 289 polyploid species in only eleven genera, and there was no difference in rate between polyploid 290 and diploid species in three genera. The inferred rates of change of the PC1 breadth ranged 291 from a low of 0.08 times slower for polyploid species in Anemone to a high of 22.92 faster in 292
Asplenium. 293 294 Within a genus, similar rate trends were found for multivariate niche mean (PC1-2) and breadth 295 (PC1-2) with few exceptions. For example in Muhlenbergia, polyploid species were estimated to 296 have a 1.09 times higher rate than diploids for PC1 niche mean but a lower rate of 0.73 times 297 the rate of diploids for PC2 niche mean. This variability in rates between PC1 and PC2 298 multivariate niche mean were found for nine genera (Anemone, Centaurea, Eragrostis, 299
Muhlenbergia, Orobanche, Poa, Primula, Silene, and Solanum), and for PC1 and PC2 300 multivariate niche breadth 12 genera (Aconitum, Anemone, Galium, Geranium, Nicotiana, 301
Orobanche, Phacelia, Primula, Ranunculus, Silene, Solanum, and Veronica). These include 302 genera where there was no inferred difference between polyploid and diploid species on one PC 303 axis but a difference was found on the other PC axis. Two genera had a more labile switch in 304 whether polyploid species were inferred as having a higher or lower rate of multivariate niche 305 evolution. The genus Aconitum had faster inferred multivariate niche mean rates for polyploid 306 species in PC1 and PC2, but lower inferred rates of multivariate niche breadth in PC1 and PC2. 307
Conversely, Eragrostis had lower inferred multivariate niche mean rates for polyploid species in 308 PC1 and PC2, but higher inferred rates of niche breadth in PC1 and PC2. Except for the genera 309
Cuphea and Plantago that had lower inferred rates for polyploid species across all niche traits, 310 13 and Fuchsia which had no difference in rate between polyploid and diploid species for all four 311 multivariate traits, all other genera had at least one multivariate niche trait with a greater inferred 312 rate of evolution in polyploid species. 313
314
We used a simulation approach to assess if the correlated trends in the rates of multivariate 315 niche traits could have been inferred by chance (see Table S5 ). Most genera had zero or only 316 one axis with a rate direction that was indistinguishable from our null expectation (p>0.05). 317
However, the genera Draba, Ranunculus, and Veronica-which had high proportions of 318 polyploid species-also had the only instances where two or more axes were inferred to have a 319 pattern similar to chance. 320 Our finding that polyploid species shift ecological niches faster than their diploid relatives is 338 consistent with theoretical expectations. A significant ecological obstacle to polyploid 339 establishment is minority cytotype disadvantage (Levin 1975) . Nascent polyploid species are 340 initially present at low numbers in populations of their diploid progenitors and must overcome 341 frequency dependent gametic competition with their parents. Although regional coexistence may 342 be possible without niche differentiation through stochastic processes and local dispersal 343 . Whether such biology is the norm for polyploid species remains to be tested, but our 422 results indicate that it could be common across vascular plants. 423
424
A majority but not all allopolyploid species were faster in their rate of climatic niche evolution 425 relative to their diploid progenitors or congeners. Such exceptions may be due to 426 methodological limitations or a true lack of climatic niche evolution of these allopolyploid 427 species. In the analyses of climatic niche overlap, we included all nineteen bioclimatic variables 428 at 2.5 minute resolution which corresponds to roughly 21.62 km² at the equator or 12.58 km² at 429 40° latitude. Although this resolution increases with increasing latitude it may be too coarse to 430 capture fine scale climatic niche differences (Kirchheimer et al. 2016 ). Additionally, the abiotic 431 conditions of climate comprise a subset of the many axes that may be important in defining a 432 taxon's realized niche, and one set of abiotic axes that we did not consider are those related to 433 edaphic conditions. Differences in edaphic tolerances have been shown to strongly differentiate 434 The lack of an association of the pairwise sequence divergence of allopolyploid species and 444 diploid progenitors and the amount of niche differentiation suggests that ecological 445 differentiation may happen quickly upon formation. This is consistent with previous empirical 446 observations of rapid phenotypic change (Ramsey & Schemske 2002) . Alternatively, it may also 447 reflect a lack of power with our available samples and molecular marker. We had relatively few 448 data points for trios with pairwise sequence divergence and at this time we are cautious in our 449 interpretations of such results but find it worthwhile for future study. 450
451
We also found that polyploid species consistently evolve niche breadths at faster rates than 452 their diploid congeners, but we did not explicitly examine whether polyploid species had broader 453 or narrower niche breadths. Understanding the role of niche breadth on nascent polyploid 454 establishment is ripe for future study because niche breadth has a strong relationship to both 455 speciation and extinction processes and ultimately diversification (Janzen 1967 
